Introduction
Nanostructured semiconductors or Quantum Dots (QDs) are materials in continuous development that hold potential for a variety of new applications, including uses in fluorescent labels for biomedical science, photonic devices and sensor materials (Bruchez et al., 1998; Prasad, 2004; Sounderya & Zhang, 2008) . In biomedical applications, several nanodiagnostic assays have been developed that use QDs. They have been applied to diagnostics, the treatment of diseases, bioimaging, drug delivery, engineered tissues and biomarkers (Sounderya & Zhang, 2008) . For example, CdSe/ZnS dendron nanocrystals have been used as biosensor systems for detection of pathogens such as Escherichia Coli and Hepatitis B (Liu, 2007) . CdSe/ZnS core-shell nanocrystals have been shown to be useful for tailoring the fluorescence of dental resin composites (Alves et al., 2010) . Core-shell quantum dots (CS) have been used as heteronanocrystals, structures that allow optical amplification because of their stimulated emission of single-exciton states (Klimov et al., 2007) , and highquality CdSe/ZnS doped titania and zirconia optical waveguides have been prepared (Jasieniak et al., 2007) .
CdSe/ZnS and CdSe/CdS core-shell semiconductor nanocrystallites are II-VI semiconductor systems and Type I QDs; i.e., both electrons and holes are confined to the core of the core-shell QDs (Jasieniak et al., 2007; Kim et al., 2003) . A CdSe nanocrystal core with band gap of (1.7-1.76) eV (Kortan et al., 1990; Lee et al., 2006) is often covered by another semiconductor shell with a high-energy band gap, such as ZnS or CdS, to improve the radiative quantum efficiency by passivating the nonradiative recombination sites at the surface (Dabbousi et al., 1997; Kortan et al., 1990) . ZnS and CdS present band gap of (3.8-4.1) eV (Lippens & Lannoo, 1989; Rathore et al., 2008) and (2.5-3.9) eV (Banerjee et al., 2000; Martínez-Castañón et al., 2010) , respectively. In such core-shell nanocrystals, the shell provides a physical barrier between the optically active core and the surrounding medium, making the nanocrystals less sensitive to environmental changes, surface chemistry, and photo-oxidation. Therefore the shell provides an efficient passivation of the surface trap states, giving rise to a strongly enhanced fluorescence quantum yield.
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Recently, a new class of CdSe QDs called magic-sized nanocrystals (MSNs), with sizes from 1 to 2 nm and well-defined structures, has attracted considerable attention because of its novel physical properties. The most notable of these new properties are: a high stability during and after growth (Dagtepe et al., 2007) , closed-shell structures , the presence of few unit cells, demonstrating strong quantum confinement similar to atoms (Soloviev et al., 2000) , and different thermodynamically stable structures (Jose et al., 2006a; Nguyen et al., 2010) . Moreover, these MSNs exhibit a high surface to volume ratio, which means that most of the atoms are located at the surface. For this reason, the passivating ligands contribute a significant portion of the total number of the atoms of the MSN, so that the dispersing medium can dramatically affect their properties (McBride et al., 2010) . Therefore, the synthesis of stable nanocrystals via colloidal aqueous solutions is extremely important because it prevents changes in dispersion media, thereby preserving the surface properties of the MSNs. This approach yields a physiologically compatible medium that is useful in medical and biotechnological applications.
The ideal QDs for use in nanobiotechnology trials should be thermodynamically stable and have homogeneous dispersion, high radiative quantum efficiency, a very broad absorption spectrum, low levels of nonspecific links to biological compounds and, most importantly, stability in aqueous media. Obtaining all these characteristics simultaneously has been extremely difficult. Therefore, the fabrication of nanocrystals directly in an aqueous phase is of great interest because it would be highly reproducible, inexpensive, minimally toxic and capable of forming products that are easily dissolved in water. Close control of the optical and structural properties of MSNs (for example, CdSe) that are synthesized directly in a colloidal aqueous solution is possible because these properties are strongly affected by various parameters of the synthesis process, such as the Cd/Se molar ratio (Qu & Peng, 2002) , the cadmium precursor type , the precursor concentration (Ouyang et al., 2008) , reflux time (Jose et al., 2006b) , the stabilizer type (Kilina et al., 2009; Park et al., 2010) , and the reaction medium (Baker & Kamat, 2010; Dagtepe & Chikan, 2010; Yu et al., 2010) . Furthermore, QD biomarkers have several advantages over organic dyes, such as high molar absorption, a broad absorption spectrum, a narrow emission spectrum and high photostability (Resch-Genger et al., 2008) .
The solvent used to suspend the solute samples can exert important influence on such properties as the radiative quantum efficiency, absorption and emission spectra, stabilization and thermal parameters (including thermal diffusivity, thermal conductivity and the thermal coefficient of the refractive index) (Pilla et al., 2007; Lo et al., 2009 ) of the investigated materials. In this way, for a nanoparticle to be a candidate for practical applications, it is important to characterize their thermo-optical properties. The present work reports the thermo-optical properties of cadmium selenide/zinc sulfide (CdSe/ZnS) core-shell colloidal solutions measured with two techniques: the well-known Thermal Lens (TL) technique (Baesso et al., 1994; Shen et al., 1992; Snook & Lowe, 1995) and analysis of the laser-excited ring patterns caused by thermally induced self-phase modulation (SPM) effects, an alternative method that is referred to in this work as the thermal spatial self-phase modulation (TSPM) technique (Dabby et al., 1970; Du & Liu, 1993; Durbin et al., 1981; Hickmann et al., 1992; Khitrova et al., 1993; Ono & Kawatsuki, 1997; Ono & Saito, 1999; Torruellas et al., 1995; Valley et al., 1990; Whinnery et al., 1967; Yang et al., 2005) . TSPM may be described by Kirchhoff´s diffraction integral (KDI) applied to the propagation of a laser Photothermal Spectroscopic Characterization in CdSe/ZnS and CdSe/CdS Quantum Dots: A Review and New Applications 5 beam in a nonlinear medium (Catunda & Cury, 1990; Pilla et al., 2003) . The theoretical calculation predicted by KDI corroborates the TSPM experimental results (Pilla et al., 2009 ). Thermo-optical characterization was performed on samples of CdSe/ZnS core-shell QDs incorporated into Poly(methyl methacrylate) (PMMA) suspended in tetrahydrofuran (THF), toluene or chloroform solvent and CdSe/ZnS core-shell QDs suspended in toluene or an aqueous colloidal solution. The thermo-optical properties, such as the refractive index temperature coefficient (dn/dT), fraction thermal load () and radiative quantum efficiency () of the QD samples were determined. For CdSe/ZnS core-shell QDs suspended in toluene, the characterization was performed as a function of core size (~2-4 nm). The present study reports on the process of synthesis as well as the morphologic and  results of coreshell CdSe/CdS MSNs as a new study. The results obtained via Raman, absorbance and fluorescence spectroscopy, as well as the measurement of the morphology by atomic force microscopy, strongly confirm the formation of core-shell CdSe/CdS MSNs via aqueous colloidal solution.
Theoretical basis for photothermal spectroscopic characterization
Thermal Lens (TL) technique
In TL experiments (Baesso et al., 1994; Lima et al., 2000; Shen et al., 1992; Snook & Lowe, 1995) in a two-beam (pump and probe) configuration, the heat source profile, Q(r), is proportional to the Gaussian intensity profile of the excitation beam, which is expressed as I e (r) = (2P e /w e 2 ) exp(-2r 2 /w e 2 ), where P e is the power of the excitation beam with radius w e at the sample. The temporal evolution of the temperature profile, T(r, t), of the sample can be obtained by the heat conduction equation. In experiments with short excitation pulses, heat diffusion can be neglected and T(r, t) is proportional to the Gaussian intensity profile of the excitation beam, I e (r). For long pulse or continuous waves (cw) experiments, however, the effect of heat diffusion is important, and, consequently, T(r, t) is wider than I e (r). For t >>  c (where  c is the characteristic heat diffusion time), the on-axis temperature rise is proportional to the absorbed excitation power (P e,abs ) and inversely proportional to the thermal conductivity K (T(0, t) P e,abs /K), but it does not depend on w e. The TL effect is created when the excitation laser beam passes through a sample of thickness L, and the absorbed energy is converted into heat. Heating changes the refractive index of the material and causes a thermally-induced phase change,  TH , expressed as (Shen et al., 1992) 
and e,abs
where P e,abs = ee f f PL 
,  (cm -1 ) is the optical absorption coefficient at the excitation wavelength ( e ), L eff = (1-e - L )/ is the effective length, L (cm) is the sample thickness,  p is the wavelength of the probe beam, dn/dT is the refractive index temperature coefficient,
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and  is the absolute nonradiative quantum efficiency, which represents the fraction of the absorbed energy converted into heat.  c = w e 2 /4D, where w e is the excitation beam radius at the sample, D=K/C is the thermal diffusivity (cm 2 /s), K is the thermal conductivity (W/cmK),  is the density (g/cm 3 ), and C is the specific heat (J/gK).
The electric field of the probe beam as it leaves the sample can be expressed as  S ( 1 ) = ( 1 )exp(-i NL ), where  NL is the phase change caused by the nonlinearity of the sample (which may include Kerr and thermal components), ( 1 ) is the field of the probe beam at the entrance face of the sample,  1 =[(x 1 2 +y 1 2 )/w 1 2 ] 1/2 , and w 1 is the beam waist. In this case,  NL is approximately equal to  TH and is expressed by Eq. 1 (a-b). The field (r 2 ) at a point (x 2 , y 2, z+d) in the observation plane P, located at a distance d away from the sample (S plane), is given by the sum of the optical fields caused by all points in the S plane and is given by the following expression 
where r i 2 = x i 2 + y i 2 (i= 1 or 2) and J 0 (2r 1 r 2 / p d) is the zero-order Bessel function. The variation of the probe beam on-axis intensity, I(t) (r 2 =0) 2 , can be calculated using Eq. (2) at r 2 =0 (central part of the probe laser beam) in the cw excitation regime (Lima et al., 2000; Shen et al., 1992; Snook & Lowe, 1995) :
where I(0) is the on-axis intensity when t is zero; m = (w 1 /w e ) 2 , V= z 1 /z op , z 1 is the distance between the sample and probe beam waist, z op = w op 2 / p is the probe beam Rayleigh range, z op << z 2 (where z 2 (cm) is the distance between the sample and TL detector) and w op is probe beam radius at the focus with wavelength  p .
The thermally induced distortion of the laser beam as it passes through the sample is described by the optical path-length (S) change (ds/dT = L -1 dS/dT), which results in lensing at the sample. The propagation of a probe laser beam through the TL will result in either spreading (ds/dT<0) or focusing (ds/dT >0) of the beam, depending mainly on the temperature coefficients of the electronic polarizability of the sample, stress and thermal expansion (in the case of liquid samples, ds/dT ≈ dn/dT).
In the dual beam mode-mismatched configuration with excitation and probe beams, the normalized transient signal amplitude is approximately the phase difference () of the probe beam between r = 0 and r = 2 w e induced by the pump beam, given by Eq. (1b). The normalized parameter, P e L eff , for liquid samples is defined as (Lima et al., 2000) : 
where < em > is the average emission wavelength and  is the fluorescence quantum efficiency or quantum yield.
Sheldon et al. determined the optimization of the TL technique for samples located at position Z 1 =1.7 z op (Sheldon et al., 1982)  However, Fang and Swofford noted that the TL technique becomes more sensitive when using a system with two beams, a probe and a pump, with waists that do not coincide (Fang & Swofford, 1979) . Berthoud et al. derived a theoretical model for an arrangement with two beams in the mode-mismatched configuration (Berthoud et al., 1985) . The results of these studies showed that the increased sensitivity of the technique is a result of placing the sample in the focus of the excitation beam (w e =w oe ) and outside the focus of the probe beam. A quantitative model was developed (Shen et al., 1992) for this technique in mode-mismatched configuration so that it could be used for steady-state and time-resolved measurements, in both the single-beam and dual beam configurations.
Self-induced phase modulation technique
Thermally induced self-phase-modulation (SPM) effects can be understood as the ability of the excitation beam to induce spatial variations of the refractive index, leading to a phase shift that depends on the transverse distance from the beam axis. The transverse self-phase modulation (Dabby et al., 1970; Du & Liu, 1993; Durbin et al., 1981; Hickmann et al., 1992; Khitrova et al., 1993; Ono & Kawatsuki, 1997; Ono & Saito, 1999; Petrov et al., 1994; Torruellas et al., 1995; Valley et al., 1990; Whinnery et al., 1967; Yang et al., 2005) is also implicate in the emergence of rings in the pattern of transmitted light when  NL >>2. The number of rings N ≈  NL 2 (Durbin et al., 1981; Ono & Saito, 1999) , in the case where  NL = TH (Eq. 1a-b) can be determined as a function of P e by using the following expression (Andrade et al., 1998; Catunda et al., 1997; Pilla et al., 2009 ):
Mathematically, the equation that describes the deflection path () of a beam that spreads in two components (r 1 and r 2 ) because of a change in the refraction index n(r) caused by the laser beam at a distance r from its propagation axis, is defined as follows (Dabby et al., 1970) :
where n 0 is the intensity-independent part of the refractive index. The interference rays that constitute the laser beam emerge parallel with different phases after crossing the nonlinear medium, i.e., (r 1 )= (r 2 ), with the same wavevector. The interference is constructive or destructive in the plane of the observation, P, if  NL (r 1 )- NL (r 2 )= p, where p is an even or odd integer, respectively. This phenomenon is the origin of the appearance of diffraction rings (Dabby et al., 1970; Durbin et al., 1981) .
Experimental
Nanostructured semiconductors
The CdSe/ZnS core-shell nanocrystal suspension was prepared by mixing poly(methyl methacrylate) PMMA-encapsulated CdSe/ZnS quantum dots with THF (C 4 H 8 O) solvent under constant magnetic stirring at a concentration of (12-60) mg/mL. The same procedure was applied for PMMA-encapsuled CdSe/ZnS core-shell particles using chloroform (CHCl 3 ) and toluene (C 6 H 5 CH 3 ). Evident Technologies (Evident, 2005) supplied the CdSe/ZnS encapsulated in PMMA with a molecular weight of 74 g/nmol and an average crystal diameter of 3.7 nm (Pilla et al., 2007) , as well as samples of CdSe/ZnS suspended in toluene solution with a core size between 2.4-4.1 nm (Pilla et al. 2008) and CdSe/ZnS suspended in water (2.6 mol/L and core size 4.0 nm).
Magic-sized CdSe/CdS nanocrystals were synthesized by combining the following aqueous solutions in a nitrogen atmosphere: an aqueous solution containing selenium dioxide (SeO 2 ) and sodium hydroxide in ultra-pure water was magnetically stirred to form Na 2 SeO 3 , and 1-thioglycerol was immediately added to the solution; an aqueous solution containing cadmium acetate dihydrate in dimethyl formamide (DMF). The two solutions were then mixed. The function of thioglycerol was to limit nanocrystal growth by Ostwald ripening, and also to prevent aggregation and minimize surface dangling bonds, thereby decreasing the level of defects. This procedure was carried out at 80 0 C and yielded a CdSe/CdS based colloidal aqueous solution. The solution of magic-sized CdSe/CdS nanocrystals had a molar concentration of 3.5 μ mol/L and a core size of 1.9 nm.
Thermal-optical measurements
The thermo-optical properties of core-shell nanoparticle solutions were investigated by the TL method (Cruz et al., 2010; Pilla et al., 2007 Pilla et al., , 2008 and by TSPM (Pilla et al., 2009) . TL transient measurements were performed in the mode-mismatched dual-beam (excitation and probe) configuration ( Fig. 1(a-b) ). A He-Ne laser ( p = 632.8 nm) was used as the probe beam, and an Argon ion laser ( e = 514.5 nm) or He-Ne ( e = 594 nm) was used as the excitation beam. The excitation and probe beam radii at the sample were measured to be w e = (53  1) m at 514.5 nm (or w e = (81  2) m at 594 nm) and w 1 = (172  3) m, respectively. Absorption of the excitation beam generated a TL heat profile and induced a phase shift proportional to . Modulation of the pump beam with a mechanical chopper allowed for time-resolved measurement. The transient curve was obtained from the weak probe beam, which counter-propagated in a nearly collinear with the excitation beam. Here M and L are mirror and convergent lens; S is sample. P indicates the observation plane, which shows the typical ring patterns for CdSe/ZnS QDs samples solutions at (a) = 0.57 cm -1 and P e ≈ 59 mW; (b) = 0.35 cm -1 and P e ≈ 88 mW,  e = 514.5 nm (Pilla et al., 2009 ).
Results and discussions
Spectroscopic characterization of core-shell QDs
The typical absorbance spectra of the core-shell CdSe/ZnS with different core sizes are present in Fig. 3 , and their corresponding transitions can be found elsewhere (Norris et al., 1996; Valerini et al., 2005) . The size of the core D CdSe (in nm) can be calculated by applying the value of the wavelength  (in nm) for the first excitonic absorption peak of the sample, using the experimental fitting function obtained for the CdSe nanocrystal (Yu et al., 2003) : Fig. 3 . Absorbance spectra for (a) toluene solvent and suspension of CdSe/ZnS in toluene for core sizes (b) (2.4  0.2) nm, (c) (2.9  0.5) nm and (d) (4.1  0.9) nm at concentration ~0.046 mg/mL (Pilla et al., 2008) . The inset shows the nanostructure of the QD Type I, with a CdSe core surrounded by a ZnS shell. In this case electrons (e -) and holes (h + ) are confined to the core of the core-shell QDs (Jasieniak et al., 2007; Kim et al., 2003) .
The fluorescence spectra of the CdSe/ZnS are red-shifted as the core size increases (Fig. 4) ; the values obtained for < em > are 525 nm, 560 nm and 619 nm for  (at 514.5 nm) of 0.31, 0.199 and 0.35 cm -1 , respectively. < em > values are dependent on QD concentrations (Pilla et al., 2008) , solvents (Pilla et al., 2007) and aging effect (Cruz et al., 2010) . For CdSe/CdS MSNs synthesized and studied here, the absorbance and fluorescence spectra are present in (Pilla et al., 2008) . The colors of the solutions are illustrative.
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Photothermal Spectroscopic Characterization in CdSe/ZnS and CdSe/CdS Quantum Dots: A Review and New Applications 11 (Chen et al., 2008; Deng et al., 2010) , and the value of < em >= 588.9 nm for = 1.25 cm -1 at 514.5 nm was obtained from fluorescence measurement. Peaks related to longitudinal optical phonons (LO) and (2LO) at 206.6 and 411 cm −1 of the synthesized CdSe MSNs are clearly observable in the Raman spectrum shown in Fig. 5 (Nien et al., 2008) . Another peak at 280 cm −1 , related to the CdS vibrational mode, can also be seen (Leite & Porto, 1966) . The frequency of the bulk CdS LO phonon at ~305 cm −1 decreases to 280-300 cm −1 in thin layers because of phonon confinement effects (Zou & Weaver, 1999) . Therefore, the peak observed at approximately 280 cm -1 can be attributed to the LO phonon of the CdS shell (Chen et al., 2010; Dzhagan et al., 2007; Singha et al., 2005) which confirms the formation of core-shell CdSe/CdS MSNs. The size and dispersions of CdSe/CdS MNSs were determined by examining AFM bidimensional and tri-dimensional images and their corresponding histograms. The average core sizes (D CdSe ) of the CdSe/CdS MSNs were determined from the peaks (Ong & Sokolov, 2007; Rao et al., 2007) of the histogram (Fig. 6) . The average size of the CdSe/CdS MNSs (1.9  0.4) nm, determined by AFM measurements, is in good agreement with the values obtained from Eq. (7) and the absorption spectrum of the Fig. 5 (Yu et al., 2003) .
Thermal diffusivity and dn/dT as a function of concentration, solvent and core size
TL transient signals for the PMMA-encapsulated CdSe/ZnS nanocrystals (Fig. 7) were fit to Eq. (3), which supplies  c and the amplitude parameter . From D = w e 2 /4 c and the measured value w e , the average values of D for the core-shell nanocrystal solutions can be determined as a function of CdSe/ZnS PMMA concentration. These values are shown in Table 1 for the three different solvents. The thermal diffusivity results are in agreement with typical values obtained for pure solvents (Pilla et al., 2007) and for PMMA, which has a reported thermal diffusivity value of D ~ 1.0  10 -3 cm 2 /s (Agari et al., 1997; Goyanes et al., 2001) . No significant variation in the D values as a function of either the concentration or the QD size (Table 2) was observed. The thermal parameters  = -/P e L eff of the core-shell quantum dot suspensions were determined through transient thermal lens measurements. Using Eq. 1b with K= 0.12 W/mK (Nikogosyan, 1997) , we obtained an average value of  dn/dT= -1.8 x 10 -4 K -1 at  e = 594 nm and  p = 632.8 nm for the nanocrystal suspended in chloroform in the concentration range of (12-60) mg/mL. Table 1 shows the average values of  dn/dT for PMMAencapsulated CdSe/ZnS suspended in toluene and THF with K= 0.135 W/mK (Nikogosyan, 1997) and K= 0.14 W/mK (Ge et al., 2005) . The transient curves obtained with the TL technique indicate that TL promotes defocusing of the probe beam in the far field; i.e., dn/dT is negative. In order to calculate = /s, where  S is the value for the solvent presented in Table 1 , we used Eq. 4a and assumed a negligible fluorescence for the solvent (chloroform, THF or toluene) in the TL measurements, i.e.,  S = 1. The calculated value of  is (0.30 ± 0.04) for the core-shell suspended in chloroform. For the PMMA-encapsulated CdSe/ZnS suspended in THF or toluene, the  values are shown in Table 1 . Using the values of  obtained for the core-shell suspended in THF, chloroform and toluene (Table 1) The temperature coefficient of the refractive index (dn/dT) is affected by two competing factors: thermal expansion, which leads to decreased density and causes the refractive index to decrease because of increased inter-molecular spacing, and increased electronic polarizability, which causes the refractive index to gradually increase. In liquid and film samples, dn/dT is usually negative, indicating that expansion is the dominant contributor. For example, for common solvents such as toluene and water, the values of dn/dT are −5.4 and −0.8×10 −4 K −1 , respectively (Dovichi & Harris, 1979; El-Kashef, 2002; Kohanzadeh et al., 1973; Nikogosyan, 1997) . For glasses and transparent crystals, dn/dT can be either positive or negative, depending on the glass (Andrade et al., 2003) . In general, dn/dT is negative for highly expansive and loosely bound networks and positive for tightly bound networks. Polymers usually have high expansion coefficients and, therefore, negative values of dn/dT (Pilla et al., 2002) . (Pilla et al., 2009) For CdSe/ZnS nanocrystal solution suspended in THF with = (0.57  0.03) cm -1 at 514.5 nm, the value for dn/dT= -(2.1 ± 0.2) K -1 was obtained from the TL measurements. Alternatively, using a single laser beam for the excitation of the core-shell QD solution at  e = 514.5 nm, we observed the formation of ring patterns caused by thermal spatial self-phase modulation (TSPM) effects ( TH described by Eq. 1). Typical ring patterns were observed when the sample was positioned at the focus of the pump beam (Pilla et al., 2009 ). The numbers of rings (N) as a function of the beam power (P e ) are shown in Fig. 8 for the QDs suspended in different solvents at different concentrations. The experimental N versus P e results were fit using a linear equation, and the values of the angular coefficients, A, of the fitting line were determined. Using Eq. (5) and the K values of the solvents, the value of │dn/dT│ = (2.2 ± 0.2) × 10 −4 K −1 was determined for PMMA-encapsulated CdSe/ZnS suspended in THF. For QDs suspended in toluene with different core sizes, Table 2 presents the average values for dn/dT determined by the TL and TSPM methods, which are in good agreement. The dynamic response time of ring formation for the CdSe/ZnS soltution (at  e = 514.5 nm, P e ≈ 92 mW) is shown in Fig. 8 . This result was obtained with the detector in the far field (~ 116 cm after the sample), and an iris placed in front of the detector, in the position of the formation of the first ring. (Pilla et al., 2009) . The inset shows the time evolution of ring formation for CdSe/ZnS QDs.
Several transverse effects can be observed when an intense laser beam propagates through a nonlinear medium (Dabby et al., 1970; Durbin et al., 1981; Ono & Saito, 1999; Valley et al., 1990) . The laser-matter interaction modifies the spatial profile of the incident beam so strongly that rings surrounding the central spot of the beam may be observed in the far-field region. The ring structure exhibits circular symmetry when distortion caused by thermal convection is absent or negligible (Dabby et al., 1970; Whinnery et al., 1967) . Spatial self-phase modulation (SPM) may be described by Kirchhoff´s diffraction integral, applied to the propagation of a laser beam inside a nonlinear medium (Catunda & Cury, 1990; Pilla et al., 2003) . The effects of the nonlinearity include induced phase variation caused by the transverse variation of the refractive index and intensity-dependent absorption (Petrov et al., 1994) . The literature describes studies of SPM effects in several materials, including liquid crystals, crystals, glasses, transparent media, and polymers (Du & Liu, 1993; Durbin et al., 1981; Torruellas et al., 1995; Yang et al., 2005) . SPM effects have been observed in semiconductor-doped glasses in studies on fast-electronic nonlinearity (Hickmann et al., 1992) and thermal nonlinearity (Petrov et al., 1994) . Other phenomena related to SPM include self-focusing and self-defocusing, the generation of spatial solitons, simultaneous spatial-temporal focusing, and self-guided propagation (Catunda & Cury, 1990; Khitrova et al., 1993) .
Thermal spatial self-phase modulation can be predicted numerically using the Kirchhoff Diffraction Integral . We consider the diffraction of a linearly polarized monochromatic plane wave in a finite region on the output sample face (S plane), where the geometrical points are described by the coordinates (x 1 , y 1, z). The intensity of the excitation beam is proportional to (r 2 ) 2 , and their spatial profiles as a function of the pump beam intensity are presented in Fig. 9 and 10 for two different concentrations. Here,  2 = r 2 /w 2 , where w 2 is the probe beam waist in the observation plane. All curves in Figs. 9-10 are normalized to the maximum intensity, which occurs at  2 = 0 for P e = 0 mW. (Fig. 8) on CdSe/ZnS core-shell nanocrystals suspended in toluene.
In Table 2 , we present the dn/dT values obtained for CdSe/ZnS solutions suspended in toluene as a function of core sizes (~2.4-4.1 nm). The experimental measurements were performed by applying the TL and TSPM techniques at  e = 514.5 nm. Supposing a constant dn/dT parameter, we obtained  values that are dependent on the nanocrystal core size.  increases with the increasing size of the nanoparticle cores (~39 %), and the best result was obtained for the smallest analyzed core (~2.4 nm). In fact, the obtained dependence of the  values could be attributed to quantum confinement effects, which are dependent on the size of the semiconductor nanocrystal relative to their exciton Bohr radius (~5.3 nm for CdSe) (Katz et al., 2002; Nirmal et al., 1994; Prasad, 2004) . The CdSe/ZnS nanocrystals studied (Table 2 ) are in a strong quantum confinement regime. In this form, thermally induced depopulation of the lowest electronic states is inhibited when the quantum dot size is reduced, because the energy spacing of the atom-like states is greater than the available thermal energy (Klimov, 2003) . To determine the radiative quantum efficiency, , solvents of negligible fluorescence were used (S). Thus, for all solvents, the absorbed energy is converted into heat in the material, i.e.,  S = 1 ( S = 0). Applying Eq. 4 (b), it is possible to obtain the following expression:
The radiative quantum efficiency values for core-shell colloidal nanocrystal solutions are presented in Table 3 . The  results are presented for core-shell PMMA-encapsulated CdSe/ZnS suspended in toluene, chloroform and THF, for CdSe/ZnS suspended in toluene, and for the aqueous colloidal suspension of CdSe/ZnS and CdSe/CdS, respectively. For PMMA-encapsulated CdSe/ZnS,  is dependent on concentration (Pilla et al., 2007) , and the aging effect (Cruz et al., 2010) . The value of  decreased by ~ 60% over a 200-hour interval of UV-vis TL measurements (Cruz et al., 2010) . For CdSe/ZnS QDs, the  values were dependent on the core size and concentration (Pilla et al. 2008) ; for CdSe/ZnS suspended in toluene, the  results were nearly independent of the pump wavelength (335-543) nm (Cruz et al., 2010) . The values of  increased for solutions without PMMA, and it can be concluded that PMMA plays a significant role in the fluorescence quenching of the complex CdSe/ZnS PMMA solution (Pilla et al., 2008) . Table 3 . Core-shell QDs suspended in toluene, chloroform, THF or aqueous solutions.
In addition, radiative quantum efficiency values are presented for CdSe/ZnS and CdSe/CdS colloidal aqueous solutions, and high quantum efficiencies were obtained. As a comparison, for Rhodamine B dye dissolved in methanol, the  values decreased from 0.8 to ~0.1 with increasing concentration in the range of ~10 -5 -10 -3 molar (Bindhu et al., 1996) . For CdSe/ZnSe core/shell nanocrystals suspended in organic solvents, the values of = (0.60-0.85) were obtained, as a result of the thicker deposit shell concentration (Reiss et al., 2002) ; quantum yield values were reported as 0.4-0.6 for CdSe QDs (core-sizes between 2.8 and 5.0 nm), 0.55 for CdSe/ZnSe/ZnS (Donegá et al., 2006) and up to 0.70 for CdTe/CdS MSNs aqueous colloidal solution (Deng et al., 2010) .
Conclusions
A review of the thermo-optical characterization of CdSe/ZnS core-shell nanocrystal solutions was performed. The Thermal Lens (TL) technique was used, and the thermal selfphase Modulation (TSPM) technique was adopted as the simplest alternative method. The main parameter determined was dn/dT; this parameter permitted the calculation of the fraction of thermal load () for different core-sizes of QDs suspended in different solvents. The thermo-optical results obtained using TSPM and predicted numerically using the Kirchhoff Diffraction Integral are in good agreement with those obtained from the TL technique. The thermal diffusivity parameters were characteristic of the solvents used to suspend the core-shell QDs. The radiative quantum efficiency, , for CdSe/ZnS core-shells and its dependence on the concentration, solvent, core size and aging effects were reported. In addition, the thermo-optical characterization of CdSe/ZnS and CdSe/CdS core-shell nanocrystals suspended in aqueous solution is presented as a result of interest for applications in nanobiotechnology. As future research trends we could highlight the application of the Thermal Lens technique for the characterization of fluorescent nanostructures functionalized for biomarker applications.
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